Ten new class II methanol masers from the 6.7-GHz Methanol Multibeam survey catalogues III and IV were selected for a monitoring programme at both 6.7 and 12.2 GHz with the 26m Hartebeesthoek Radio Astronomy Observatory (HartRAO) radio telescope for two years and nine months, from August 2012 to May 2015. In the sample, only masers associated with G339.986-0.425 were found to show periodic variability at both 6.7 and 12.2 GHz. The existence of periodic variation was tested with four independent methods. The analytical method gave the best estimation of the period, which was 246 ± 1 days. The time series of G339.986-0.425 show strong correlations across velocity channels and between the 6.7 and 12.2 GHz masers. The time delay was also measured across channels and shows structure across the spectrum which is continuous between different maser components.
INTRODUCTION
The two brightest class II methanol maser transitions (6.7-and 12.2-GHz) are now known to be uniquely associated with a very early phase of high-mass star formation and to be reliable tracers of high-mass young stellar objects (YSOs) (Ellingsen 2006) .
It has been postulated from the maser morphologies that they could be tracing a circumstellar disc or torus (e.g., Norris et al. 1993; Phillips et al. 1998; Minier et al. 2000; Bartkiewicz et al. 2011), or collimated outflows associated with the high-mass YSO (e.g., Minier et al. 2000) . Multiple epoch and monitoring observations of the 6.7-and 12.2-GHz masers in many star forming regions have shown that the masers are variable and in some cases highly variable (e.g., Caswell et al. 1995a,b; MacLeod & Gaylard 1996) .
Since the masers are sensitive to the physical conditions in the circumstellar environment, the observed variability of the masers must tell us something about changes either in the physical conditions ⋆ E-mail: jabulani@hartrao.ac.za † Deceased 2014 August 14.
where the masers operate or in the conditions of the region where the seed photons, which stimulate the emission, originate. Maser monitoring can therefore be a useful probe of the physical conditions of those parts of the circumstellar environments that affect the masers.
In a monitoring programme to test the nature of the variability in 54 methanol sources, seven sources showed periodic variations (Goedhart et al. 2003 (Goedhart et al. , 2004 (Goedhart et al. , 2013 . The discovery of periodic variability in the 6.7-and 12.2-GHz methanol masers reported by Goedhart et al. (2003 Goedhart et al. ( , 2004 Goedhart et al. ( , 2009 Goedhart et al. ( , 2013 ) was unexpected as it had not been previously reported in any maser transitions associated with high-mass star formation regions. Further monitoring programmes have been conducted independently and confirmed the existence of periodic variations in eight more methanol masers (Araya et al. 2010; Szymczak et al. 2011 Szymczak et al. , 2015 Fujiswa et al. 2014; Maswanganye et al. 2015) , bringing the total number of periodic masers to 15.
In an attempt to explain the origin of the periodic masers, five mechanisms have been proposed, three of which suggest that c 2015 The Authors the variations are due to changes in the temperature of the dust grains that are responsible for the infrared radiation field that pumps the masers. These are (i) the rotation of spiral shocks in the gaps of discs around young binary stars (Sobolev et al. 2007; Parfenov & Sobolev 2014) , (ii) periodic accretion in a circumbinary system (Araya et al. 2010 ) and (iii) the pulsation of a YSO (Inayoshi et al. 2013; Sanna et al. 2015) . The remaining two mechanisms propose that the origin of variations is the result of changes in the flux of seed photons (or radio continuum) owing to either (iv) a colliding wind binary (CWB) system van der Walt 2011) or (v) a very young low mass companion blocking the UV radiation from the high-mass star in an eclipsing binary (Maswanganye et al. 2015) . There is currently no direct observational evidence to support any of the five proposed mechanisms.
The observed light-curves from the fifteen periodic methanol masers show a wide variety of shapes. Maswanganye et al. (2015) classified the light-curves in four groups and argued that the lightcurves could be a trace of the origin of the observed periodic masers. It remains to be seen if there are more groups or whether these are the only ones. It was also proposed by Maswanganye et al. (2015) that there could be a total of 34 ± 10 periodic sources in the 6.7-GHz Methanol Multibeam (MMB) survey catalogues I, II, III, and IV (Caswell et al. , 2011 Green et al. 2010 Green et al. , 2012 .
This implies that monitoring more sources in the 6.7-GHz MMB survey catalogues, including the recently published catalogue V (Breen et al. 2015) , could result in the discovery of more periodic sources. Such new discoveries could result in a better characterisation of the observed light-curves, and their possible relation to the period if such a relation does exist at all. There are also possibilities for new mechanisms to explain the origin of periodicity because some of the existing proposals use the light-curves as the guide for their arguments (e.g., van der Walt 2011; van der Walt et al. 2009; Araya et al. 2010; Maswanganye et al. 2015) .
In order to increase our sample of periodic methanol masers and improve the understanding of the methanol masers' periodic variations and characterise light-curves, more sources should be monitored. Ten sources from the 6.7-GHz MMB survey catalogues III and IV were considered for monitoring at both 6.7-and 12.2-GHz. From the sample of ten, only the masers associated with G339.986-0.425 show periodic variations at both 6.7-and 12.2-GHz. This paper describes the details of the methods used for data collection, reduction, calibration, results and analysis.
OBSERVATIONS AND DATA REDUCTION

Source selection and HartRAO monitoring
From the 6.7-GHz MMB survey catalogues III and IV, ten sources associated with methanol masers were selected for the monitoring programme with the 26m HartRAO radio telescope at both 6.7-and 12.2-GHz. The list of sources in the sample is given in Table 1 .
The selection criterion for these sources was the same as given by Maswanganye et al. (2015) .
The data for the 6.7-and 12.2-GHz masers were captured using the frequency switch technique into the 1024-channel spectrometer for the 26m HartRAO radio telescope. The spectral resolutions were 0.044 and 0.048 km s −1 for the 6.7-and 12.2-GHz maser observations, respectively. For any source with the brightest peak greater than 20 Jy, a pointing observation to correct for pointing error, was made prior to the long on-source scan. The pointing observation had five scans which were at north, east, west, and south of the half power beam, and on-source. All sources were observed at least once every one to three weeks. If a source showed any form of variability, the cadence was increased to at least once every week (Maswanganye et al. 2015) . The typical on-source RMS noise for the 12.2-GHz masers for which there was no detection with the 26m HartRAO radio telescope was ∼ 1 Jy, with the integration time between 6 and 8 minutes. In the case where a source had been observed more than once in a day, the observations were averaged into one observation.
After pointing correction (if applicable) and data reduction, the spectra were calibrated using the point source sensitivity (PSS)
derived from drift scans of Hydra A and 3C123. Observations of Hydra A and 3C123 at 6.7-and 12.2-GHz were made daily depending on the availability of the telescope and they were independent of the maser observations. In each drift scan observation, three scans: north and south of the half power beamwidth, and on-source were made. After baseline corrections to the scans, the amplitudes of scans were determined and used to calculate for the pointing corrections and PSS. The flux density of the calibrators were adopted from Ott et al. (1994) . The PSS values were averaged over the period where there were no step changes. The averaged PSS minimises extrinsic variations when the spectra are scaled to Jansky.
ATCA interferometry
Interferometric data on G339.986-0.425 were obtained from the archive of the follow up observations of the 6.7-GHz MMB survey with the ATCA. The Australian National Telescope Facility (ATNF) project code is C1462 (Fuller et al. 2006) . Six snapshot scans were made with the 6B configuration of the 22m ATCA antennas. One scan was 2.67 minutes long and the remaining five scans were 2.58 minutes. PKS B1934-638 was only observed at the beginning of the observations for 2.91 minutes and it was used as the bandpass calibrator and flux density calibrator. For gain calibration, PKS B1646-50 was used. The data were reduced and calibrated with MIRIAD. or Green et al. (2010) . Column four gives the central frequencies.
Columns five and six give the velocity range within which masers were found. The flux densities reported from two epochs in the 6.7-GHz MMB survey are given in columns seven, from MX mode or beam-switching technique data, and in column eight, from a survey cube (SC) data (Green et al. 2009 ). The total time-span is given in column nine. Column ten gives a number of epochs the source was observed, excluding observations which were considered as bad data. In column eleven, is the catalogue number in which the 6.7-GHz maser was selected from. 
RESULTS
All the methanol masers associated with the sources given in Table   1 were initially observed at least four times with the 26m Hart-RAO radio telescope at both 6.7-and 12.2-GHz. The search for the 12.2-GHz methanol maser counterparts was conducted independently of the results of the 12.2-GHz MMB follow up catalogue II (Breen et al. 2012) . Of all sources which passed the test phase at ei- 
DATA ANALYSIS TECHNIQUES
We searched for periodicity in the time series using the LombScargle (Lomb 1979; Scargle 1982; Press et al. 1989 ), Jurkevich (Jurkevich 1971 ) and epoch-folding using Linear-Statistics (or L-statistics) (Davies 1990 ) methods. The correlations and time delays between the time series of different channels were determined using the z-transformed discrete correlation function (ZDCF) (Alexander 1997 ). peak or a peak in the periodogram was tested with the false alarm probability method (Scargle 1982) . 
ANALYSIS
Period search
Of all the sources listed in Table 1 A summary of the determined periods and their uncertainties for the peak velocities are given in Table 2 . The uncertainty in the period was estimated as the half width at half maximum (HWHM) of the fundamental peak for the Lomb-Scargle and epoch-folding methods, and for Jurkevich method, it was the HWHM of the absolute minimum dip. The epoch-folding method had smaller uncertainties when compared to the other two methods.
All maser sources which were removed early in the monitoring programme with small number of observation epochs, due to low signal-to-noise-ratio with the 26m HartRAO radio telescope,
were not tested for the periodicity. The dashed line is the cut-off power flux for false detected peak. So peaks below the cut-off power are considered to be a false alarm or false detection of the peak. can be modelled as the sum of an asymmetric cosine (periodic variations) and a first order polynomial (long-term variations), which can be expressed using the following formula as
where b, ω (ω = 2π P , P is the period), φ , f , m and c are the amplitude, angular frequency, phase, eccentricity (related to the asymmetry factor f o ), gradient and y-intercept, respectively. The eccentricity f , is defined as f = sin (π [ f o − 0.5]). The asymmetry factor is given by the ratio of the rise time from the minimum to the maximum and the period. The asymmetric cosine function in equation 1 is symmetric if f o = 0.5 which implies that the eccentricity, f , will be zero. The free parameters in equation 1 can be represented as a vector, P, which is given as b, ω, φ , f , m, c . The weighted chi- The summary of the periods, f , amplitudes and gradients are given in Table 3 . The errors in the free parameters were estimated from the square-root of the diagonal entries in the inverse of the covariant matrix V P of the best fitted parameters of the model, σ P = diagonal V P −1 (Press et al. 1992) . The propagation of error formula (Weiss 2012 ) was used to derive the uncertainties of the periods from the angular frequencies ω. The periods in Ta of the light-curve, which implies that the period is estimated nonparametrically, whereas fitting an asymmetric cosine function is parametric approach which will have some bias. Also, the uncertainties of the periods given in Table 3 does not necessarily depend on the number of cycles but rather number of data points. Although in general, more cycles can also imply more data points. It needs to be noticed that the error on the period from fitting the asymmetric cosine is due only to the fitting procedure. Furthermore, the fit is Table 3 . We note, however, that the . In column 8, is the rise time from the local minimum to the local maximum which is defined as the product of the period (column 3) and f o (column 7). The uncertainties in columns 7 and 8 were derived from the error propagation formula (Weiss 2012 Table 4 . A summary of the determined periods by fitting our asymmetric cosine model to the time series as the sample size is increased.
The periods in column 3, are from the Monte-Carlo simulation where in each k sample size, different combination of time series were selected.
The periods in column four are from the randomly uniformly sampling time-stamps to generate a synthetic time series from which our asymmetric cosine model was used to determine the period. Table 4 .
It is seen that the uncertainties in the periods obtained with the latter two Monte-Carlo simulations ranges between 0.9 and 2 days.
The periods in Table 4 fitting an asymmetric cosine to the data. We therefore conclude that the period of the 6.7-and 12.2-GHz masers associated with G339.986-0.425 is 246 ± 1 days.
Time Delay
The time series in Figures 2 and 3 suggest that there are correlations between the 6.7-and 12.2-GHz masers, as well as across the channels of each maser. The correlation and time delay between pairs of time series were tested with the ZDCF. The results for the correlation and time delay between the two masers (6.7-and 12.2-GHz) of a few selected velocities are shown in Figure 15 . The location of a peak in Figure 15 , which was the time delay, was determined from the turning point of a second order polynomial weighted chisquare fit. The errors in the fitted parameters were estimated from the diagonal of the covariant matrix's inverse (Press et al. 1989 ).
The error in the location of the turning point, which is the time delay, was estimated from the errors of the second order polynomial coefficients using propagation of error formula.
A summary of the determined time delay as a function of velocity for both 6.7-and 12.2-GHz is shown in Figure 16 . The - In each panel, the light-curve corresponding to first velocity in the legend was used as a reference light-curve, which was the light-curve of the 6.7-GHz maser feature, and the second velocity was for the 12.2-GHz maser feature. The -89.4 km s −1 maser feature was present at both 6.7-and 12.2-GHz. The turning point of the weighted fitted second order polynomial is marked as a star point in each panel.
89.400 km s −1 was present at both 6.7-and 12.2-GHz spectra, and was therefore used as a reference time series for each maser. It is seen in Figure 16 that for both 6.7-and 12.2-GHz masers the delays are negative for the velocities less than -89.400 km s −1 . The 6.7-GHz maser starts with a delay of about -20 days delay at around 91.0 km s −1 . The delay decreases up to the reference velocity, then starts to increase into positive days to reach the local minimum.
After the local minimum, the delay decreases to zero days. Up to this point, the general behaviour for both 6.7-and 12.2-GHz maser time delays is similar. From this point, the 6.7-and 12.2-GHz are different but both show well defined structure which appear to be continuous. One of the noticeable difference between the 6.7-and 12.2-GHz maser delays is around -88.3 km s −1 where the 12.2-GHz is at local minimum and the 6.7-GHz is almost at its absolute maximum. For velocities greater than -88.0 km s −1 , both shows an increase in the delays with 6.7-GHz increasing to about -66 ± 29 days. The delays for the 6.7-and 12.2-GHz masers range from -66
to 28, and from -12 to 4 days respectively.
Maser spot distribution
In order to find the maser spot distributions and attempt to link it with time delays shown in Figure 16 , the 6.7-GHz masers asso- locity. In order to test for possible links between the measured time delays and maser spots relative spatial distribution, the velocity versus distance offset plot was made to test for velocity gradient and the results are shown Figure 18 . The uncertainties in the distance offsets were derived from the propagation of error formula. The offset distances were calculated from the DEC and RA offsets using the distance formula given by equation 3.
The error in the reference distance offset was undefined as the distance of the reference channel is zero. The uncertainty on the ref-
erence channel was therefore set to zero. The positional error in Figure 18 are too large to draw a conclusion about a velocity gradient of the 6.7-GHz masers associated with G339.986-0.425.
DISCUSSION
Possible origin of the observed periodicity
As already noted earlier, a number of hypotheses have been made in the past to explain the periodic behaviour of the methanol masers.
The question now is whether the periodic behaviour of the masers in G339.986-0.425 can be explained within the framework of any these proposals. The main difficulty in trying to answer this question is that most of these proposals only broadly suggest a particular mechanism but do not predict a specific flare profile or waveform.
At present only the colliding-wind binary model of van der Walt The third scenario is that of Inayoshi et al. (2013) , which suggests that the observed flaring is due to a pulsating young highmass star. As in the case of Parfenov & Sobolev (2014) , these authors do not explicitly present a predicted light-curve. However, the underlying mechanism for pulsationally unstable is, according to Inayoshi et al. (2013) , the κ-mechanism which is the same as for many other pulsating stars. It is therefore reasonable to expect the light-curve of the pulsating high-mass star to be similar to that of other pulsating stars also driven by the κ-mechanism like e.g. Cepheids and the RR Lyrae stars (e.g., Szákely et al. 2007; Ripepi et al. 2015) . Furthermore, we note that there are OH/IR stars with periods similar to that of G339.986-0.425 and that the lightcurves of the associated OH masers can also be fitted quite well with asymmetric cosines (David et al. 1996; Etoka & Le Squeren 2000) as is also the case for G339.986-0.425.
Thus, considering the shape of the light-curve of the methanol masers in G339.986-0.425 we conclude that it is compatible with what is expected from an underlying pulsating high-mass star.
Adopting the results of Inayoshi et al. (2013) the mass of the star can be calculated from their equation 2 and in this case is found to be about 23 solar masses.
Time delay
The question may arise whether the measured delays can be ex- If the disturbances travel with the speed of light in a vacuum, an 8 ± 3 day time delay between the 6.7-and 12.2-GHz at -89.400 km s −1 implies that these masers are (1.4 ± 0.5)×10 3 AU apart, which is larger than the diameter of the Solar system. Since the velocities are the same, the kinematics around these masers are more likely to be similar because the masers are expected to be close to each other in the molecular cloud. For a sound speed in a molecular cloud of ∼ 0.5 km s −1 , derived using equation 15.22 in Kwok (2007) with the temperature assumed to be 100 K, and the disturbances travel at sound speed, then an 8 ± 3 day time delay implies that the -89.400 km s −1 maser features at 6.7-and 12.2-GHz are ∼ (2.3 ± 0.7)×10 −3 AU apart. The separation is quite small. However, from the maser spot map (Figure 17 ) we approximate the total extent of the maser emission angular separation to be 0.4 arcseconds. The Galactic longitude of G339.986-0.425 with a maser peak velocity of -89.0 km s −1 can be used to derive the near kinematic distance to the source using the rotation curve of Wouterloot & Brand (1989) , and it is ∼ 5.6 kpc. Using the derived near kinematical distance to G339.986-0.425, ∼ 5.6 kpc, and the total extent of the maser emission angular separation of ∼ 0.4 arcseconds, the diameter of the total extent of the maser emission was calculated to be ∼ 0.01 pc or ∼ 12 light days. The diameter of the 6.7-GHz maser emission in G339.986-0.425 was found to be in good agreement with the typical methanol maser region linear size of 0.003 pc for the near kinematics distances of 6 kpc derived by Caswell (1997) . If the disturbances travel with a sound speed of ∼ 0.5 km s −1 , it will take about 2×10 4 years to travel the distance of 0.01 pc. The maximum time delay measured in Figure 16 is 66 ± 28 days. In the case where the disturbances travel with the speed of light in a vacuum, the separation distance for the maser features would be (1.1 ± 0.5)×10 4 AU or 0.06 ± 0.02 pc which is larger than the approximated total masing cloudlets diameter. If the disturbances travel at sound speed then the separation between these maser features would be (1.9 ± 0.8)×10 −2 AU, which is much smaller than 0.01 pc. From this analysis, it is clear that if the disturbances travel at sound speed, then the total extent of the masing region is in many orders of magnitude too small for a typical methanol masing region of about 0.003 pc (Caswell 1997) . Given that we see the masers in projection that strongly suggests that it is either the seed photons or something directly related to radiation that is causing the periodic changes.
The measured delayed time delays in G339.986-0.425 are not easy to explain. For a better understanding of such large delays and the time delays structure seen in Figure 16 , interferometric data with a similar spectral resolution as the one obtained with the 26m
HartRAO radio telescope and high spatial resolution of the source is vital. The spectral resolution of the ATCA data was 1.25 greater than the 26m HartRAO radio telescope data.
SUMMARY
A search for periodic methanol masers associated with high-mass YSOs was conducted with the 26m HartRAO telescope and ten methanol masers from the 6.7-GHz MMB survey catalogues III and IV were selected as the candidates for the search. The methanol maser associated with G339.986-0.425 at 6.7-and 12.2-GHz was the only source from ten source sample to show periodic variations with a 246 ± 1 day period.
The time series of the two brightest class II methanol masers associated with G339.986-0.425 show strong correlations and time delays between the maser species and across the velocity channels.
The calculated time delays show remarkable structure when plotted against velocities. The meaning of the structure is not clear as the interferometric maser distribution did not help, mainly due to, insufficient spatial and spectral resolution. Another remarkable behaviour was the time delay of 8 days between the -89.400 km s −1 feature for both 6.7-and 12.2-GHz masers. The velocity was the same for both masers which suggests that the kinematics could be similar if not the same.
The catalogue for periodic masers has been increased to sixteen sources and will certainly improve the statistical analysis of these sources. The G339.986-0.425 light-curves had lead to the proposal that high-mass YSO pulsational instability could be the origin of the periodicity. However, the origin of the periodic variations in maser is still to be confirmed. Numerical modelling could possibly help in narrowing the possibilities or introduce possible new model in the origin of the observed periodicity in methanol masers, e.g., testing the maser-response to the wide variety of time-dependent dust temperature light-curves.
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